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Future implementation of regenerative treatments for sensorineural hearing loss may be hindered
by the lack of diagnostic tools that specify the target(s) within the cochlea and auditory nerve for
delivery of therapeutic agents. Recent research has indicated that the amplitude of high-level
compound action potentials (CAPs) is a good predictor of overall auditory nerve survival, but does
not pinpoint the location of neural damage. A location-specific estimate of nerve pathology may be
possible by using a masking paradigm and high-level CAPs to map auditory nerve firing density
throughout the cochlea. This initial study in gerbil utilized a high-pass masking paradigm to
determine normative ranges for CAP-derived neural firing density functions using broadband chirp
stimuli and low-frequency tonebursts, and to determine if cochlear outer hair cell (OHC) pathology
alters the distribution of neural firing in the cochlea. Neural firing distributions for moderate-
intensity (60dB pSPL) chirps were affected by OHC pathology whereas those derived with
high-level (90dB pSPL) chirps were not. These results suggest that CAP-derived neural firing
distributions for high-level chirps may provide an estimate of auditory nerve survival that is
independent of OHC pathology. © 2012 Acoustical Society of America. [DOI: 10.1121/1.3664052]

PACS number(s): 43.64.Pg, 43.64.Nf, 43.64.Kc, 43.64.Ri [TD]

. INTRODUCTION

Objective diagnostic tools such as otoacoustic emissions
(OAEs) and auditory evoked potentials (AEPs) have signifi-
cantly reduced the age of identification of hearing loss in
children (Cone-Wesson et al., 2000) and enhanced differen-
tiation of the sensory and neural components of hearing loss.
Since OAEs and short-latency AEPs reflect the function of
cochlear outer hair cells (OHCs) and the auditory nerve,
respectively, they likely offer the best non-invasive glimpse
of peripheral pathophysiology contributing to sensorineural
hearing loss. Optimizing these diagnostic tools to pinpoint
the cochlear location of hair cell loss and auditory nerve
pathology may improve individualization of gain prescrip-
tions for hearing aid users and mapping strategies for coch-
lear implant recipients. Precise diagnostic tools will also be
crucial if regeneration of cochlear hair cells and auditory
neurons eventually becomes a viable treatment option for
hearing-impaired individuals.

Presence or absence of OAEs and threshold and latency
of AEPs are the parameters commonly analyzed in the audi-
ology clinic. However, analysis of other response parameters
such as fine-structure, amplitude, response area, and wave-
form morphology may expand the diagnostic utility of these
measures. For example, Don et al. (2005) demonstrated that
their stacked auditory brainstem response (ABR) technique,
which optimizes wave V amplitude by temporally aligning
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and summing derived-band ABRs, detects the presence of
small acoustic neuromas with 95% sensitivity and 88% spec-
ificity. In a mouse model of temporary noise exposure,
Kujawa and Liberman (2009) found that ABR amplitudes at
high stimulus levels were better than thresholds at predicting
auditory neuron degeneration. Ferraro and Durrant’s (2006)
method of calculating the area ratio between the summating
potential (SP) and the action potential (AP) portions of elec-
trocochleography waveforms achieves 92% sensitivity and
84% specificity in diagnosing Méniere’s disease/endolym-
phatic hydrops (Al-momani et al., 2009). Other studies in
the cochlear implant literature have indicated that the ampli-
tude of electrically evoked auditory potentials is positively
correlated with the number of viable auditory neurons
(Smith and Simmons, 1983; Hall, 1990) and may gauge
prognoses for implant recipients (Gibson and Sanli, 2007;
Teagle et al., 2010).

Chertoff (2004) and Chertoff et al. (2008) used a gerbil
model to determine the utility of the compound action poten-
tial (CAP) for quantifying auditory nerve pathology. Their
approach was to analyze the morphology of CAPs by fitting
the waveforms with a five-parameter convolution model
adapted from Goldstein and Kiang’s (1958) description of
the CAP as the sum of synchronously firing auditory neu-
rons. One of the model parameters (V) scales the amplitude
of the N, portion of the CAP similar to conventional meas-
ures of N amplitude (i.e., baseline to N peak) and theoreti-
cally represents the number of nerve fibers contributing
synchronously to the recorded response.

Earl and Chertoff (2010) tested this theory by using the
convolution model to fit CAPs evoked with tonebursts
(1-16kHz) in gerbils with partial lesions of the auditory
nerve. At high stimulus levels (100dB SPL for 1-8 kHz,
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75dB SPL for 16kHz), the model parameter N was posi-
tively correlated with the percentage of surviving nerve
fibers within the whole nerve bundle. The strength of corre-
lation (r) reached 0.87 for 1 kHz stimuli suggesting that the
amplitude of high-level CAPs could reliably predict overall
auditory nerve survival. The corresponding cochlear location
of neural survival, however, could not be determined by ana-
lyzing amplitude values across stimulus frequency, which is
consistent with the broad displacement patterns that high-
level toneburst stimuli generate on the basilar membrane
(Eggermont, 1976; Russell and Nilsen, 1997).

A location-specific estimate of neural survival may be
possible using a masking paradigm to systematically limit
the region of auditory neurons contributing to high-level
CAPs. The schematic of an uncoiled cochlea in the top panel
of Fig. 1 and the accompanying plots [Figs. 1(b) and 1(c)]
illustrate the theory behind the high-pass masking technique
explored in this study. A high-level stimulus that triggers
synchronous neural excitation along a large portion of the
cochlea (e.g., broadband chirp) is used to evoke CAPs while
the high-pass cutoff frequency of simultaneous masking
noise is stepped from low frequencies encoded in the apex to
high frequencies encoded in the base. Preliminary experi-
ments in normal-hearing animals indicated that Ny amplitude
increases in a sigmoid manner as progressively more neurons
are allowed to contribute to chirp-evoked CAPs [solid line in
Fig. 1(b)]. Plotting the derivative of the cumulative ampli-
tude growth function yields a neural density function that is
hypothesized to represent the spread of neural firing gener-
ated in the cochlea by a given stimulus [solid line in
Fig. 1(c)]. In a cochlea with a gap of missing auditory nerve
fibers [dashed line in Fig. 1(b)], normalized N, amplitude

Uncoiled Cochlea Base

a  Apex
High frequency

Low frequency

Masking noise

G TN

Missing nerve fibers

el

Masked CAPs

Normal

N, amplitude (normalized)
Neural firing density

High-pass noise cutoff frequency (kHz)

T T T T T {
Distance from cochlear apex (mm)

FIG. 1. (a) Schematic of an uncoiled cochlea illustrates the idea of using
multiple bandwidths of high-pass noise to systematically limit the region of
auditory nerve fibers that can contribute synchronously to CAPs evoked
with high-level stimuli. (b) N; amplitude (normalized relative to the
unmasked N; amplitude) would theoretically grow differently for a cochlea
with missing auditory nerve fibers (dashed line) than for a normal cochlea
(solid line). (c) Derivatives of the respective amplitude growth functions
yield density functions that theoretically reveal the distribution of viable
nerve fibers contributing to the CAP.
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would increase relatively faster than normal until the masker
cutoff frequency moves into the region of missing nerve
fibers. Without additional nerve fibers to contribute to the
CAP, the amplitude function would plateau until the masker
moves basally to the location where nerve fibers are present.
The neural density function for the cochlea with missing
fibers [dashed line in Fig. 1(c)] would show a drop in neural
firing density that is hypothesized to identify the distance
along the cochlear partition where neurons are nonfunctional
or absent. Regions of surviving neurons [e.g., apex and base
of cochlea in Fig. 1(a)] would show an increase in neural fir-
ing density relative to normal [e.g., left and right portions of
dashed line in Fig. 1(c)] because the surviving fibers would
account for a relatively larger than normal portion of the
neural density function.

The theory that CAP-derived neural density functions
can predict the corresponding cochlear location of auditory
nerve pathology will be tested in a future study using an ani-
mal model of partial auditory nerve degeneration. The objec-
tives of this preliminary study were to

(1) Use the high-pass masking technique to establish norma-
tive ranges for CAP-derived neural density functions.

(2) Determine if OHC pathology alters neural density
functions.

Normative ranges for CAP-derived neural density func-
tions were established using two different acoustic stimuli at
a high level (90dB pSPL) and a moderate level (60dB
pSPL) in a group of normal-hearing gerbils (experiment 1).
First, a broadband chirp stimulus was hypothesized to be the
ideal stimulus for mapping neural firing density throughout
the majority of the cochlea. By sweeping the instantaneous
frequency from low to high frequencies at a rate that is
inversely related to the traveling wave delay, a chirp stimu-
lus theoretically generates broad, in-phase displacements of
the basilar membrane and synchronous neural firing. Physio-
logic evidence for this theory was provided by Shore and
Nuttall (1985) who observed that low-level CAPs evoked in
guinea pig with rising frequency chirps were significantly
larger in amplitude and had narrower waveform morphology
than those evoked with falling-frequency chirps or clicks.
In a recent study in human participants with a similar
experimental design, Chertoff et al. (2010) also found that
rising-frequency chirps evoked larger CAPs than both
falling-frequency chirps and traditional click stimuli of
equivalent magnitude and spectral bandwidth.

The second type of stimulus chosen for experiment 1 was
a high-level 2kHz toneburst (relatively low frequency for
gerbil). The spectrum of a 2kHz toneburst contains only a
fraction of the spectral energy of a broadband chirp, but
several studies (e.g., Eggermont, 1976; Eggermont et al.,
1976; Russell and Nilsen, 1997; Ren and Nuttall, 2001; Over-
street et al., 2002) suggest that high-level low frequency stim-
uli produce a substantial spread of excitation along the
cochlear partition. For example, Eggermont (1976) used a
high-pass masking protocol to infer the neuronal response
area contributing to CAPs evoked in guinea pig with 2kHz
tonebursts. At a moderately high level of 73 dB SPL, narrow-
band CAP amplitudes indicated that 2kHz tonebursts
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produced neural excitation that spanned nearly four octaves
from the 0.8 to 12 kHz place of the guinea pig cochlea. More
importantly, measurements of basilar membrane velocity in
the basal region of gerbil cochlea by Ren and Nuttall (2001)
and Overstreet et al. (2002) indicate linear, in-phase displace-
ments for stimulus frequencies an octave or more below the
characteristic frequency which theoretically enhances syn-
chrony of neural firing (Békésy, 1960). There is an approxi-
mate 20-dB drop in the magnitude of basilar membrane
velocity for high-level stimuli (e.g., 90dB SPL) at frequencies
an octave or more below the characteristic frequency (Ren
and Nuttall, 2001), but the common observation that the la-
tency of high-level low frequency CAPs is nearly equivalent
to the latency of high-level high frequency CAPs (e.g., Chert-
off, 2004) suggests that high-level low frequency stimuli gen-
erate substantial upward activation. Although a click stimulus
would be comparable to a broadband chirp stimulus in terms
of its spectrum, a click was not used in this experiment
because of the temporally disperse nature of its expected neu-
ral activation pattern. This temporal dispersion may result in
smearing of neural contributions from neighboring cochlear
regions that could confound the interpretation of the cumula-
tive growth of CAP amplitude.

The effect of OHC pathology on high-level neural den-
sity functions was determined in a subsequent experiment
(experiment 2) by comparing high-level and moderate-level
neural density functions obtained from gentamicin-exposed
gerbils to the normative ranges established in experiment 1.
The findings of Dallos and Harris (1978), Ruggero and Rich
(1991), and Fridberger et al. (2002) suggest that OHCs act
primarily to enhance basilar membrane displacement for low
to moderate-level inputs. High-level inputs (e.g., 90 dB SPL)
are assumed to trigger basilar membrane displacement that
is large enough to stimulate the inner hair cells (IHCs)
directly. Therefore, any changes in high-level neural density
functions would not be related to OHC pathology but would
reflect the status of the primary afferent neurons and/or the
IHCs with which they synapse. Neural density functions for
moderate-level stimuli (e.g., 60 dB SPL) would be expected
to be influenced by OHC pathology.

Il. MATERIALS AND METHODS
A. Animal preparation

Young-adult Mongolian gerbils (Meriones unguiculates),
weighing between 45 and 70 g, were used for this study. Prior
to surgery, all animals were sedated with an initial intraperito-
neal injection of pentobarbital (64 mg/kg). Supplementary
intramuscular injections of pentobarbital (~30mg/kg) were
given hourly to maintain appropriate sedation throughout the
surgery and data collection. Animals were placed in the
supine position and wrapped in a warming pad to maintain
body temperature at 37 °C. Following local injection of lido-
caine, a 10—-15 mm post-auricular incision was made and the
underlying neck musculature was dissected to access the right
middle ear cavity (bulla). The bulla was opened with surgical
tweezers to allow for placement of an electrode in the round
window niche for CAP recordings (experiments 1 and 2) and
delivery of gentamicin solution to the niche to induce OHC
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impairment (experiment 2). All experimental procedures were
approved by the Institutional Animal Care and Use Commit-
tee of the University of Kansas Medical Center.

B. Generation of CAP stimuli and masking noise

A broadband chirp stimulus and a 2 kHz toneburst stim-
ulus (1 ms rise/fall times, 8 ms plateau) were generated for
this study. The chirp stimulus [Fig. 2(a)] was tailored to ger-
bil by sweeping the frequency from 1 to 60 kHz at a rate that
coincides with the inverse of the cochlear traveling wave
delay in gerbil [Fig. 2(b)]. The cochlear traveling wave delay
was estimated by fitting gerbil CAP latency data for tone-
burst stimuli between 1 and 16 kHz at 5dB above threshold
(Earl and Chertoff, 2010) with the following equation of
Anderson et al. (1971):

i(f) = df*, (D

where #(f) is cochlear traveling wave delay in seconds (s), f is
stimulus frequency in Hz, and the constants ¢ and o are
0.01415 and —0.1960, respectively. Using these constants and
equations (3)—(6) of Fobel and Dau (2004), the chirp waveform
was generated in MATLAB (MathWorks, Natick, MA) using a
time resolution of 4 us (i.e., sampling frequency = 250kHz).
Ramping up the amplitude of the chirp stimulus [Fig. 2(a)] as
the instantaneous frequency increased, according to the ampli-
tude scaling factor of Fobel and Dau (2004) [Eq. (7)], produced
a chirp with relatively flat spectral magnitude between 1 and
60kHz [Fig. 2(c)]. The effect of the amplitude scaling factor
on the instantaneous frequency of the resultant chirp was
negligible (normalized root-mean-square deviation between in-
stantaneous frequency of the unscaled-chirp and that of the
scaled-chirp was 0.3%).

The chirp stimuli were presented at a rate of 25 per s and
the 2 kHz tonebursts were presented at a rate of 40 per s. A rel-
atively long-duration (10 ms) toneburst was chosen to facilitate
differentiation of the N; and SP components of the CAP. Both
stimuli were delivered with alternating polarity to minimize the
presence of the cochlear microphonic (CM) in the CAP wave-
form. Although alternating polarity stimuli are expected to tem-
porally smear neural firing at the level of single units, they
have not been shown to influence the latency of a compound
neural response such as the CAP (Don et al., 1996).

Broadband white noise was generated (digital-to-analog
sampling rate =97.7kHz) and high-pass filtered with a fifth-
order “Biquad” filter (slope > 80dB per octave) using signal
processing software (RpvdsEx) and a real-time processor (RP2)
from Tucker-Davis Technologies (TDT; Alachua, FL). Multi-
ple high-pass cutoff frequencies were chosen to correspond to
0.25 mm increments along the first 3 mm of the base of the ger-
bil cochlea where the best frequency ranges from 62.8 kHz to
15.6 kHz. For the middle through apical regions of the gerbil
cochlea (3—11 mm), where the best frequency ranges from
14.8kHz to 150 Hz, cutoff frequencies were chosen to corre-
spond to 0.5 mm increments. The lowest cutoff frequency was
400 Hz and the highest cutoff frequency was 45 987 Hz making
a total of 25 masking conditions. Higher cutoff frequencies
(ie., greater than 50kHz) were not possible due to the
sampling-rate limitation of the real-time processor.
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FIG. 2. (a) Digital waveform of gerbil-tailored chirp stimulus rising in fre-
quency and amplitude over a duration of 3.06 ms. (b) Instantaneous fre-
quency of chirp stimulus is equivalent to the inverse of cochlear traveling
wave delay in gerbil (estimated with gerbil CAP latency data from Earl and
Chertoff, 2010). (c) Acoustic spectrum of chirp stimulus shows relatively
flat spectral energy between 1 and 60 kHz, spanning nearly the entire range
of gerbil hearing. (d) Representative spectra of four of the high-pass mask-
ing conditions illustrating the increase in spectrum level to equalize the rms
SPL across all conditions.

The root-mean-square (rms) level of each masking con-
dition was equated to the rms SPL of the masking condition
with the broadest noise bandwidth (i.e., 0.4-50kHz). The
necessary increase in magnitude (i.e., correction factor in
dB) as a function of masker cutoff frequency followed a
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third-order polynomial trend that reached 17 dB for the high-
est cutoff frequency of 45987 Hz [see representative spectra
in Fig. 2(d)]. An energy equalization approach was used to
ensure that progressive decreases in the spectral energy of
the masking noise were not responsible for the cumulative
growth of CAP amplitude. This approach is different than
the high-pass masking paradigms used in other studies (e.g.,
Teas et al., 1962; Don et al., 1979) that held constant the
spectrum level of different masker bandwidths. However,
within-animal comparisons between the traditional approach
(i.e., spectral level equalization) and the approach used in
this study (i.e., spectral energy equalization) revealed that
both approaches resulted in essentially equivalent CAP am-
plitude growth functions for high-level chirp stimuli. This
observation suggests that, despite an increase in masker level
by up to 17dB, the steepness of the high-pass filter slopes
and the mechanical damping inherent in the cochlea (approx-
imately 90 dB/octave toward the apex) essentially restrict the
spread of the masker to the cochlear region bounded by the
place corresponding to the cutoff frequency and the place
corresponding to the high-frequency limit of the masking
noise.

The masking noise was added to the CAP stimulus
(chirp or 2kHz toneburst) with a signal mixer (SMS5, TDT)
and delivered free-field via a magnetic loudspeaker (FFI,
TDT) with a relatively flat (+/— 8dB) frequency response
from 1 to 50kHz. Electromagnetic artifact from the loud-
speaker was minimized to negligible levels by housing the
loudspeaker in a custom-made mu metal case (MuShield,;
Manchester, NH) and by positioning it 15 cm away from the
right pinna of the animal. A 1/8 in. Briiel & Kjaer (Denmark)
microphone (B&K 4138) was suspended within 5 mm of the
ear canal opening and at a 90° azimuth relative to the dia-
phragm of the loudspeaker. The reported frequency sensitiv-
ity of the B&K microphone is essentially flat
(+/— 2dB) from 0.02 to 100kHz when it is positioned at a
90° azimuth relative to the sound source. The microphone out-
put was routed to an oscilloscope (Tektronix, TDS 2014) to
calibrate the peak SPL (pSPL) of the stimulus, and to a spec-
trum analyzer (Hewlett Packard, 3561 A) to verify the spectral
bandwidth of the noise during each masking condition.

C. CAP recordings

CAPs were recorded from right cochleae using a silver
ball electrode on the round window and a ground electrode in
the contralateral shoulder musculature. An absorbent cotton
wick (Densply Maillefer, Tulsa, OK) was placed next to the
round-window electrode and subsequently changed every
15 min to control fluid build-up in the niche. The electrophy-
siologic signals were amplified by a factor of 5000, band-pass
filtered (0.03—6kHz) by two amplifiers/filters in series (Stan-
ford Research Systems SR560, Sunnyvale, CA; Stewart Elec-
tronics VBF10, Lyman, SC), and digitized at 250kHz by an
analog to digital converter (AD2, TDT) before being averaged
within a 15-ms time window. A high sampling rate of
250kHz was used because the same code interfaced with the
data acquisition hardware to digitize the electrophysiologic
signals and to output the chirp stimulus. Using lower sampling
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frequencies could have resulted in aliasing of the chirp signal
because it was designed with spectral energy from 1 to
60 kHz. Automated measurements of N, amplitude, computed
as the voltage difference between the mean of the first ten
data-points (i.e., baseline) and the minimum in the time win-
dow (i.e., Ny trough), were displayed to the monitor in inter-
vals of 20 averages. CAP waveforms were saved to disk after
the displayed measurement of the NV; amplitude remained rel-
atively stable (e.g., fluctuations no greater than +/— 5%) for a
minimum of 60 averages.

D. Procedures

In experiment 1, data were collected from the right ears
of a group of normal-hearing gerbils (n =9) to compare neu-
ral density functions for chirps and 2 kHz tonebursts at a high
level (90dB pSPL) and at a moderate level (60dB pSPL).
Animals were considered to have normal hearing sensitivity if
their CAP threshold for chirps was <20dB pSPL. N; ampli-
tude growth data was obtained for the four stimulus conditions
in the following order: chirps at 60 dB pSPL, 2 kHz tonebursts
at 60 dB pSPL, chirps at 90dB pSPL, and 2 kHz tonebursts at
90 dB pSPL. Each recording condition began by recording the
amplitude of the N; component of the unmasked CAP [base-
line to negative peak of N; as demonstrated in Fig. 3(a)]. The
full-bandwidth masker (0.4-50kHz) was then presented con-
tinuously and increased in level until the amplitude of N; was
reduced by 80%, similar to the masking procedure of Egger-
mont (1977). The bandwidth of the white noise was subse-
quently varied by changing the high-pass cutoff frequency
and CAPs were recorded for each of the 25 masking condi-
tions. The sequence of masking conditions was randomized
and interspersed with two recordings of unmasked CAPs. A
fourth unmasked CAP was recorded after all masking condi-
tions were presented. The average time required to record the
29 CAPs for one stimulus condition was 27 min while the
average duration of the entire protocol of experiment 1 was
just over 2 h.

The threshold for chirp-evoked CAPs was measured
again at the completion of the protocol to determine if multi-
ple presentations of masking noise led to an elevation in
threshold. Early experiments in which CAP amplitude was
completely masked (i.e., 100% amplitude reduction) resulted
in significant increases in CAP threshold (> 10dB) follow-
ing completion of all masked recordings. This apparent
over-masking and the goal of ensuring a CAP response was
present during all masking conditions influenced the decision
to use 80% amplitude reduction as the initial masking level.
No attempts were made to measure or control for the possi-
ble effects of the middle ear reflex or the efferent nervous
system on the masked-CAP recordings. Any effect of the
efferent nervous system would theoretically be obscured by
middle ear reflex activation by the moderate to high stimulus
levels used in this study. The middle ear reflex, however, has
also been shown to be essentially abolished in other rodents
(e.g., rabbit; Borg and Moller, 1975) by sodium pentobarbi-
tal, the anesthetic used during all experiments in this study.

In experiment 2, data were collected from the right ears
of a group of gentamicin-exposed gerbils (n=10) to
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FIG. 3. (a) Representative unmasked and masked CAP waveforms for chirp
stimuli at 90 dB pSPL from a normal-hearing gerbil illustrate the trend of
decreasing N; amplitude and increasing N; latency as the high-pass noise
masker cutoff frequency decreases. (b) Representative raw data for N; am-
plitude (filled circles, units on right ordinate) and N; latency (open circles,
units on left ordinate) for all 25 masking conditions. Unmasked values
represent the mean of four unmasked CAP recordings.

compare neural density functions obtained from animals
with impaired OHCs to the neural density functions obtained
from the normal-hearing gerbils in experiment 1. Gentami-
cin, an aminoglycoside antibiotic, was chosen for this study
based on data from several studies indicating that OHCs are
more prone to gentamicin ototoxicity than are IHCs (e.g.,
Wanamaker et al., 1998; Heydt et al., 2004). The chosen
dosage of gentamicin (200 ug applied directly to the round
window) was based on data for mice (Heydt ef al., 2004) and
gerbils (Wanamaker et al., 1998; Sheppard et al., 2004;
Suryadevara et al., 2009) showing that similar dosages led to
OHC pathology in the base to middle regions of the cochlea.
A 200 pg/ul gentamicin solution was prepared by dissolving
gentamicin sulfate powder (Sigma; St. Louis, MO) in dis-
tilled water after the manner described by Husmann et al.
(1998). Specifically, to achieve a 200 ug/ul (i.e., 200 mg/ml)
concentration of gentamicin in solution, 313 mg of gentami-
cin sulfate powder, containing 0.639 mg of gentamicin per
mg, was dissolved in 1 ml of distilled water.

Prior to gentamicin exposure, baseline CAP thresholds
were determined for chirps and toneburst stimuli at 2, 4, 8,

B. R. Earl and M. Chertoff: Mapping auditory nerve firing density ~ 341



16, and 32 kHz. The amplitude of the cochlear microphonic
(CM) to a 16 kHz toneburst (10 ms duration) at 80 dB pSPL
was also measured prior to gentamicin delivery and then
monitored during the exposure period to gauge the effect of
gentamicin on OHC function. The CM recordings were
acquired with the same electrode montage, recording param-
eters, and instrumentation set-up as the CAP recordings with
one exception: the low-pass filter setting was changed from
6 to 25 kHz to capture the CM to the 16 kHz tone. A 16 kHz
tone was chosen for CM monitoring because the 16 kHz-
place in gerbil cochleae is in close proximity to the round
window, thus providing an early indication of OHC impair-
ment resulting from the diffusion of gentamicin through the
round window membrane and into the 16 kHz region of the
cochlea.

Without removing the recording electrode, 1ul of the
200 pg/ul gentamicin solution was applied directly to the round
window niche of the right cochlea. The amplitude of the CM
was monitored 1 min post-gentamicin application and then in
5-min increments until the CM amplitude had dropped by at
least 50% (relative to the pre-gentamicin amplitude) and at
least 15min had elapsed. The gentamicin solution was then
removed from the niche with an absorbent cotton wick and the
CAP threshold to chirps was measured again. If the chirp CAP
threshold had increased by at least 10dB, the experiment pro-
ceeded with measures of N; amplitude growth for chirps at
60dB pSPL and then for chirps at 90 dB pSPL using the same
masking procedures described above. Masked CAPs were not
recorded from the gentamicin-exposed animals for 2 kHz tone-
bursts at 60 or 90 dB pSPL per the results of experiment 1 (see
below). The chirp CAP threshold and toneburst CAP thresholds
were measured again following the completion of all masked
CAP recordings. The average time required for one stimulus
condition (e.g., chirps at 60dB pSPL) in experiment 2 was
23 min and the average duration of the entire masked CAP pro-
tocol (e.g., chirps at 60 and 90 dB pSPL) was 52 min.

E. Data analysis

Manual measures of N; peak amplitude (baseline to N;
peak) and N, peak latency for all masked and unmasked CAPs
recorded during both experiments were completed offline fol-
lowing data collection. The top panel (a) of Fig. 3 displays rep-
resentative unmasked and masked CAPs evoked with chirps at
90dB pSPL indicating the trend, observed in this and other
studies (e.g., Teas et al., 1962; Shore and Nuttall, 1985), of
decreasing V| amplitude and increasing N, latency as high-pass
masker cutoff frequency decreases. The oscillations visible in
the CAP waveforms for the 594 and 2660 Hz masker cutoff
conditions likely represent residual electromagnetic artifact
from the loudspeaker and/or uncancelled cochlear microphonic
responses to the masking noise. The oscillations are visible in
the CAP waveforms for the 594 and 2660 Hz masker cut-off
conditions but are absent in those for higher masker cut-off fre-
quencies because the low-pass cutoff frequency of the second-
ary physiology amplifier (Stewart Electronics) was set to
6 kHz. The raw amplitude values [filled circles, Fig. 3(b)] were
normalized relative to the mean amplitude of the unmasked
CAPs (four unmasked recordings for each stimulus condition)
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to allow for amplitude growth comparisons across stimulus
conditions and across animals. The raw latency values [open
circles, Fig. 3(b)] were also normalized by calculating the shift
in latency as the difference between the average unmasked
latency and the masked latencies.

Figure 4 demonstrates the data-fitting procedure [panel
(a)] and the two dependent variables used for statistical anal-
yses [panel (b)] using representative data for high-level
chirp-evoked CAPs. First, normalized N; amplitude values
were plotted as a function of distance from cochlear apex in
mm [Fig. 4(a)]. The high-pass cutoff frequencies [as shown
on the abscissa of Fig. 3(b)] were converted to distance from
cochlear apex in mm [as shown on the abscissa of Fig. 4(b)]
using the frequency-place map for gerbil cochleae from
Miiller (1996). The cumulative amplitude function [CAF;
thick curve in Fig. 4(a)] was obtained for each stimulus con-
dition by using SigmaPlot (Systat Software, Inc., San Jose,
CA) to fit the normalized N, amplitude data with the follow-
ing four-parameter sigmoid function:

CAF(x) = yo + ( @)

a
1+ e (G078 )

where a scales the inflection point of N; amplitude growth, b
governs the rate of amplitude growth, x0 is the distance from
cochlear apex (mm) at which amplitude growth begins to
inflect, and y0 defines the starting amplitude reduction rela-
tive to the unmasked amplitude. The parameter y0 is a con-
stant in terms of Eq. (2) and in the design of the masking
paradigm since the target level for the initial masked condi-
tion was 20% of the unmasked amplitude. The neural density
function [NDF; thick curve in Fig. 4(b)] was obtained for
each stimulus condition by using the CAF parameters to
solve the analytical derivative of Eq. (2) for distance from
cochlear apex (x) which is

ae[(x0+x)/b]

NDF(x) = —
b <e<xo/b> i e(x/b))

3)

where @ and b scale the peak density and bandwidth, respec-
tively, and x0 is the peak location in distance from cochlear
apex (mm).

The two dependent variables chosen for statistical anal-
ysis were NDF bandwidth and NDF peak location. NDF
bandwidth quantifies the cochlear spread of synchronous
neural firing and NDF peak location identifies the location
along the cochlear partition where neural firing density
reaches its peak. NDF bandwidth was defined as the distance
spanned by the inner 2/3 of the area under the NDF curve
and was calculated by multiplying the peak density of the
NDF by 0.3413 and finding the difference between the corre-
sponding values for distance from cochlear apex. NDF peak
location was given by the value of parameter x0. Paired
samples #-tests were used to compare bandwidth and peak
location across stimulus type at 60 and 90dB pSPL in
experiment 1. Independent samples #-tests were used to com-
pare bandwidth and peak location of chirp-generated NDFs
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FIG. 4. (a) Representative N, amplitude data for CAPs evoked with chirps at
90dB pSPL (filled circles) plotted as a function of distance from cochlear
apex (transformed from high-pass noise cutoff frequency with the frequency-
place map for gerbil from Miiller, 1996). Fitting the N, amplitude data with a
four-parameter (a, b, x0, y0) sigmoid function yields a cumulative amplitude
function (CAF), shown with thick line along with its corresponding coefficient
of determination (R?). (b) The neural density function (NDF) (thick line) is
obtained by using the CAF parameters to solve the analytical derivative of the
CAF equation [Eq. (2)] for distance from cochlear apex (x). The peak location
is given by parameter x0 and the bandwidth is defined as the distance spanned
by the inner 2/3 of the area under the curve (calculated by multiplying peak
density by 0.3413 and finding the difference between the corresponding
distance values).

across the normal-hearing and gentamicin-exposed groups in
experiment 2.

lll. RESULTS

The presentation of results will focus on NDF bandwidth
and NDF peak location as the two primary dependent meas-
ures of neural firing density across stimulus types in experi-
ment 1 and across normal-hearing and gentamicin-exposed
groups in experiment 2. The unmasked CAP amplitude data
are also presented at the outset to demonstrate the differences
between CAPs evoked with chirps and those evoked with
2 kHz tonebursts.

A. Unmasked CAP amplitudes

Representative CAPs evoked in normal-hearing gerbils
with 2 kHz tonebursts and chirps at 60 dB pSPL are shown in
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Fig. 5(a) and Fig. 5(b), respectively. In addition to being
nearly 10 times larger in magnitude than the 2 kHz toneburst
CAP [Fig. 5(a)], the chirp CAP [Fig. 5(b)] has narrower N;
morphology. Comparing the unmasked N; amplitudes across
stimulus type and stimulus level [Fig. 5(c)] indicates that
CAP amplitude increased as the stimulus intensity increased
from 60 to 90dB pSPL for 2kHz tonebursts. For chirps,
however, CAP amplitude peaked at 60dB pSPL. Remark-
ably, chirps at 30dB pSPL (n=4) generated larger CAPs
than 2 kHz tonebursts at 90 dB pSPL.

The variability of unmasked CAP amplitude within ani-
mals, which served as the reference for amplitude normaliza-
tion, was determined by calculating the coefficients of variation
(CV) (standard deviation/mean) for the amplitude of the four
unmasked CAPs recorded from each animal during each stimu-
lus condition. The maximum, mean, and minimum CVs for
each stimulus condition are displayed in Table 1. The highest
within-animal CV of 0.216 was observed for the unmasked
amplitudes of CAPs to chirps at 90dB pSPL from a normal-
hearing gerbil. The lowest within-animal CV of 0.005 was seen
for the unmasked amplitudes of CAPs to chirps at 60 dB pSPL,
also from a normal-hearing gerbil. The mean CV across condi-
tions was generally near or below 0.10, the target criterion for
amplitude stability for both experiments.

B. Experiment 1: Normal-hearing group
1. Cumulative amplitude functions (CAFs)

Figure 6 shows the normalized N, amplitude growth data
(thin lines) for the nine normal-hearing gerbils in experiment

a 2 kHz toneburst CAP b

60 dB pSPL
T20uv 2000
N1

0 2 4 6 8 0 2 4 6 8
Time post-stimulus onset (ms)

Chirp CAP

350
300
250

200

150 —‘V

l 60 dB pSPL

100

Unmasked N, amplitude (uV)

0 30 dB pSPL

60 dB pSPL
0 !

2 kHz toneburst

Chirp

FIG. 5. A representative CAP evoked with 2 kHz tonebursts at 60 dB pSPL
(a) is nearly 10 times smaller in magnitude than a CAP evoked with chirps
at the same level (b). (c) Comparison of unmasked N, amplitudes illustrates
that chirps at 60 dB pSPL produced the largest CAPs. Even chirps as low as
30dB pSPL generated CAPs that were larger in magnitude than 2 kHz tone-
bursts at 90 dB pSPL. Error bars represent one standard deviation. The sam-
ple size is 9 for each stimulus condition except for the chirp condition at
30dB pSPL for which the sample size is 4.
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TABLE I. Within-animal coefficients of variation (CV) for Ny amplitude of
the four unmasked CAPs recorded from each animal during each stimulus
condition.

Normal-hearing group

Coefficient of variation

Minimum Mean Maximum
Chirp—90dB pSPL 0.035 0.11 0.216
Chirp—60dB pSPL 0.005 0.036 0.098
Toneburst—90 dB pSPL 0.026 0.058 0.098
Toneburst—60 dB pSPL 0.027 0.080 0.159

Gentamicin-exposed group

Coefficient of variation

Minimum Mean Maximum
Chirp—90dB pSPL 0.014 0.107 0.192
Chirp—60dB pSPL 0.021 0.096 0.183

1 with the mean of their respective CAFs (thick lines) for chirps
and 2 kHz tonebursts at 90 dB pSPL and 60 dB pSPL. The var-
iance of the data across animals and across conditions was larg-
est for 2 kHz tonebursts at 60 dB pSPL [Fig. 6(d)] and smallest
for chirps at 60 dB pSPL [Fig. 6(c)]. The mean CAF for chirps
at 90dB pSPL [Fig. 6(a)] grows gradually and just begins to
saturate near the base (i.e., 11 mm from cochlear apex). In con-
trast, the mean CAF for 2kHz tonebursts at 90 dB pSPL [Fig.
6(b)] rises quickly and saturates by approximately 9 mm from
the cochlear apex. The CAF for chirps at 60 dB pSPL is similar
to the pattern observed for 2kHz tonebursts at 90dB pSPL
whereas the CAF for 2 kHz tonebursts at 60 dB pSPL begins to

grow near the cochlear apex and then saturates approximately
7 mm from the apex. The N; amplitude function depicted with
the dashed thin line in panel (b) of Fig. 6 was determined to be
an outlier and was excluded from statistical analysis because its
initial masked amplitude was more than two standard devia-
tions (SD) above the mean of the initial masked amplitude
across all amplitude functions in experiment 1.

The mean coefficients of determination (Rz) indicate
that the four-parameter sigmoid function accounts for a large
majority of the variance in Ny amplitude for all four stimulus
conditions. The sigmoid function achieved the best fit for the
amplitude data for chirps at 60dB pSPL with a mean R* of
0.99 (range =0.985-0.998). The lowest mean R? of 0.92
(range = 0.796-0.976) was observed for the fits of the ampli-
tude data for chirps at 90 dB pSPL. The lower values and
larger range for the R? values for the fits of the data for
chirps at 90 dB pSPL was expected given the lack of a defi-
nite point of saturation for the majority of the amplitude
growth functions. Accordingly, parameter a, which scales
the inflection point of N; amplitude growth, was manually
constrained for seven of the nine fits of the amplitude data
for chirps at 90dB pSPL. Without manual constraints,
parameter a was not significant and the fitted function tended
towards exponential growth. For each of the other three stim-
ulus conditions, parameter a was manually constrained for
only one of the nine fits. Parameter b, that governs the rate
of growth of the CAF, also required manual constraints to be
retained as a significant parameter and/or to preserve
constant variance in three of the nine fits of the data for
chirps at 90 dB pSPL and one of the nine fits of the data for
2kHz tonebursts at 60dB pSPL. Objectivity in choosing

144
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Chirp - 90 dB pSPL 1b 2 kHz Toneburst - 90 dB pSPL

FIG. 6. Normalized N, amplitude growth
curves (thin lines) for the nine normal-
B hearing gerbils (experiment 1) with their
corresponding mean CAFs (thick lines)

144C

N1 amplitude (masked/unmasked)

Chirp - 60 dB pSPL 41d 2 kHz Toneburst - 60 dB pSPL -

show differences in slope and variability
across stimulus type and level. The ampli-
tude growth curve shown with a dashed line
- in panel (b) was determined to be an outlier
(i.e., initial masked amplitude was more
than two SD above the mean of initial
4 masked amplitude across all stimulus condi-
tions) and was excluded from further analy-
sis. Mean coefficients of determination (R?)
J indicate that the four-parameter sigmoid
function accounts for a large majority of the
variance in the data.

High-pass noise cutoff frequency (kHz)

Distance from cochlear apex (mm)
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manual constraints was maintained by focusing on the goal
of maximizing the R? value while retaining significance for
all four parameters.

2. Neural density functions (NDFs)

Figure 7 displays individual NDFs (thin lines), derived
from individual CAFs, with their corresponding mean NDFs
(heavy lines) for each of the four stimulus conditions. The
NDFs illustrate, as did the CAFs, that the variance across
animals was largest for 2 kHz tonebursts at 60 dB pSPL [Fig.
7(d)] and smallest for chirps at 60 dB pSPL [Fig. 7(c)]. The
individual NDF shown with the dashed line in panel (b) of
Fig. 7 represents the outlier that was described previously in
Fig. 6.

Table II summarizes the descriptive statistics and the
results of the paired samples 7-tests used to compare the mean
of the paired differences for NDF bandwidth and NDF peak
location at 90 and 60dB pSPL. At 90dB pSPL, the mean
NDF for chirps was significantly broader (p=0.04) and
peaked significantly closer to the base (p=0.001) than the
mean NDF for 2kHz tonebursts. At 60dB pSPL, the mean
NDF for 2kHz tonebursts was significantly broader than the
mean NDF for chirps (p =0.04) although the mean NDF for
chirps peaked significantly closer to the base (p < 0.001). The
assumption of normality was satisfied by the values for NDF
bandwidth and NDF peak location for all four stimulus condi-
tions in experiment 1 per Shapiro-Wilk’s test of normality.

3. N, Latency shifts

Figure 8 displays the shift in N; latency (masked-
unmasked latency) as a function of high-pass noise cutoff

frequency across the four stimulus conditions for the nine
normal-hearing gerbils (thin lines) with their respective
group means (thick lines). The horizontal line at zero repre-
sents the baseline N, latency of unmasked CAPs. On aver-
age, the broadest bandwidth of masking noise (i.e., when the
high-pass masker cutoff frequency equals 400 Hz) triggered
a 0.5 ms increase in N latency for the 2 kHz toneburst condi-
tions and a 0.4 ms increase for the chirp conditions. The shift
in N; latency remained stable across several masker cutoff
frequencies before quickly decreasing to baseline N latency
for the high-frequency masker cutoffs. The latency shift per-
sisted over the most masking conditions for chirps at 90 dB
pSPL [Fig. 8(a)] and over the fewest masking conditions for
2kHz tonebursts at 60dB pSPL [Fig. 8(d)]. Similar to the
trends observed in the N| growth data in Fig. 6, the variance
across animals in N, latency shift was largest for 2kHz tone-
bursts at 60dB pSPL [Fig. 8(d)] and smallest for chirps at
60 dB pSPL [Fig. 8(c)]. Interestingly, the mean latency shifts
(thick lines) resemble the inverse of the patterns observed
for the respective mean CAFs in Fig. 6.

C. Experiment 2: Gentamicin-exposed group

1. Gentamicin-induced changes in CM amplitude and
CAP threshold

The top panel (a) of Fig. 9 illustrates that the amplitude
of the CM, evoked with 16kHz tones at 80dB pSPL,
decreased exponentially over a course of minutes following
application of 200 ug of gentamicin to the round window
niche. Dose-response curves for gentamicin doses of 50 and
100 ug are shown for comparison. All 10 of the animals
included in experiment 2 experienced at least a 50% reduction
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FIG. 7. Individual NDFs (thin lines) and
e the corresponding mean NDFs (thick lines)
for the nine normal-hearing gerbils (experi-
ment 1) illustrate the distribution of neural
firing density for each stimulus type and
level combination. The individual NDF
) ) ) = shown with the dashed line in panel (b) rep-

06-4C

Neural firing density

1d 2 kHz Toneburst - 60 dB pSPL

resents the outlier that was described in
Fig. 6. Statistical analyses (see Table II)
b indicated that the mean NDF of chirps at
90dB pSPL was significantly broader and
peaked significantly closer to the base than
J the mean NDF of 2 kHz tonebursts at 90 dB
pSPL. At 60dB pSPL, the mean NDF of
2kHz tonebursts was significantly broader
than the mean NDF of chirps, although the
mean peak location of the chirp NDFs was
J significantly closer to the base than the
mean peak location of the 2kHz toneburst
NDFs.
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TABLE II. Descriptive statistics and results of paired samples ¢-tests com-
paring NDF bandwidth and peak location across stimulus type at 90 and
60 dB pSPL (experiment 1). Sample size was 8 for 90 dB pSPL conditions
[due to exclusion of outlier indicated with dashed line in top right panel (b)
of Fig. 6 and 9 for 60 dB pSPL conditions.

90dB pSPL
Bandwidth (mm) Peak location (mm)
Mean SD* p Mean SD* p
Chirp 4.87 1.84 0.04 8.22 1.01 0.001
Toneburst 3.25 6.38
60 dB pSPL
Bandwidth (mm) Peak location (mm)
Mean SD* p Mean SD* p
Chirp 2.78 2.04 0.04 6.28 0.61 <0.001
Toneburst 4.43 491

4SD, standard deviation of the paired differences.

in CM amplitude after an exposure to 200 ug of gentamicin
lasting at least 15 min.

The bottom panel (b) of Fig. 9 shows post-gentamicin
shifts in CAP thresholds for chirps (measured after removal
of gentamicin from the niche) and toneburst stimuli (meas-
ured after completion of post-gentamicin masked CAP con-
ditions). Shifts in chirp CAP thresholds ranged from 10 to
25dB while shifts in toneburst CAP thresholds generally
increased as stimulus frequency increased. Comparing the
post-gentamicin measures of chirp CAP threshold to the
measures of chirp CAP threshold at the completion of
the post-gentamicin masked CAP conditions revealed that

the largest within-animal fluctuation was 10dB and the
group mean fluctuation was less than 5dB, indicating that
threshold shifts were generally stable after exposure to gen-
tamicin and multiple presentations of masking noise.

However, progressive elevations in CAP thresholds and
steady decline in CAP amplitudes were observed in two
animal experiments that began with chirps at 90dB pSPL.
Both experiments were terminated prematurely and a syner-
gistic effect of gentamicin and noise exposure was suspected
due to the high levels of masking noise required to achieve
the initial 80% reduction in amplitude of the high-level
CAPs. Progressive CAP threshold elevation and declining
CAP amplitude were observed in only one animal experi-
ment that started with chirps at 60dB pSPL and conse-
quently lower levels of masking noise.

2. CAF and NDF comparisons across groups

The top panels [(a) and (b)] of Fig. 10 compare the individ-
ual amplitude growth data (thin lines) and mean CAFs (thick
dashed lines) for chirps of the post-gentamicin group to normal
ranges (gray areas) constructed with the data from experiment
1. At 90dB pSPL, the individual N; amplitude functions of the
ten gentamicin-exposed gerbils [Fig. 10(a), thin lines] fell
essentially within the normal range (mean of normalized N,
amplitude +/— 2SD). In contrast, at 60 dB pSPL a large portion
of the functions for six out of the ten gentamicin-exposed ani-
mals [Fig. 10(b), thin lines] fell outside the normal range. The
mean post-gentamicin CAF at 60dB pSPL [Fig. 10(b), thick
dashed line] grows at a similar rate as the normal range; how-
ever, the post-gentamicin CAF is shifted approximately 1 mm
closer to the apex than the normal range.
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The latency shift functions are generally
consistent with the theory suggested by
Teas et al. (1962) that the location of
synchronous neural firing for moderate and
high-level stimuli is shifted toward the
apex proportional to the high-pass noise
cutoff frequency. The trends in latency
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shift resemble the inverse of the patterns
observed for Ny amplitude growth (Fig. 6).
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FIG. 9. (a) Cochlear microphonic (CM) data for the ten gerbils in experi-
ment 2 indicate an exponential decrease in amplitude over a course of
15 min following application of 200 pug of gentamicin to the round window
niche. The CM was evoked with 16 kHz tonebursts (10 ms in duration) at
80dB pSPL. Dose-response curves for lower gentamicin doses (50 and
100 pg) are shown for comparison. (b) Post-gentamicin CAP threshold data
show shifts ranging from 10 to 25dB for chirps and a general trend of
increasing threshold shifts for tonebursts as stimulus frequency increases.

The mean R” values for the CAF fits of the post-
gentamicin data (0.93 for chirps at 90 dB pSPL and 0.96 for
chirps at 60 dB pSPL, respectively) indicate that the sigmoid
function accounts for a large majority of the variance in N,
amplitude for both stimulus conditions. The R* values of the
post-gentamicin CAFs for chirps at 90 dB pSPL ranged from
0.89 to 0.97. Similar to the CAF fits of the normal data for
chirps at 90 B pSPL, the sigmoid parameter a had to be man-
ually constrained for the majority of animals (9 of 10) to
achieve significance for all parameters. The R” values for the
post-gentamicin CAFs for chirps at 60 dB pSPL ranged from
0.92 to 0.98 and no manual constraints of the sigmoid
parameters were necessary.

The bottom panels [(c) and (d)] of Fig. 10 compare the
individual (thin lines) and mean post-gentamicin NDFs (thick
dashed lines) to the normal NDF ranges (mean +/— 2SD;
gray areas) established with the data from experiment 1. Simi-
lar to the N, amplitude plots in the upper panels, the NDFs of
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the two groups essentially overlap for chirps at 90dB pSPL
[Fig. 10(c)], whereas for chirps at 60dB pSPL [Fig. 10(d)],
the distributions of the two groups appear to differ. Table III
summarizes the descriptive statistics and results of the inde-
pendent samples t-tests of the difference across groups for
mean bandwidth and mean peak location. As hypothesized,
there was not a significant difference between groups for
mean NDF bandwidth or mean NDF peak location for chirps
at 90dB pSPL. For chirps at 60dB pSPL, mean NDF band-
width was not significantly different across groups; however,
the mean NDF peak location for the gentamicin-exposed
group was significantly closer (p =0.01) to the apex than the
mean NDF peak location for the normal-hearing group (open
circle). As noted in Table III, the assumption of equal
variance was violated for the NDF peak location data for
chirps at 60 dB pSPL. The assumption of equal variance was
satisfied for the NDF bandwidth data for chirps at 60 dB pSPL
and for the NDF bandwidth and peak location data for chirps
at 90 dB pSPL. The assumption of normality was satisfied for
the NDF bandwidth and NDF peak location data for both
chirp conditions of both groups (i.e., normal and post-genta-
micin) according to the Shapiro—Wilk test of normality.

3. N, latency shifts

Figure 11 shows N, latency shift (masked-unmasked la-
tency) as a function of high-pass noise cutoff frequency
across the two stimulus conditions for the ten gerbils (thin
lines) in the post-gentamicin group with their respective
group means (thick dashed lines). The horizontal line at zero
represents the baseline N; latency of unmasked CAPs.
Although the patterns of N; latency shift for the post-
gentamicin group resemble the respective patterns of latency
shift for the normal group, the mean shift in N, latency for
the chirp conditions following gentamicin exposure was
approximately half that of the respective chirp conditions for
the normal-hearing group (Fig. 8). The latency functions of
the gentamicin-exposed group (Fig. 11) also show more vari-
ability when compared to the trends of the chirp CAP latency
functions of the normal-hearing group (Fig. 8).

4. Variability in NDF peak location

To determine the possible contributors to the large var-
iability observed in the NDF peak location for chirps at
60dB pSPL, several scatter plots were constructed and
correlation analyses were performed. Figure 12 illustrates a
significant negative correlation (r=-0.74; p=0.003)
between the post-gentamicin shift in NDF peak location for
chirps at 60 dB pSPL and the post-gentamicin shift in chirp
CAP threshold. The shift in NDF peak location was deter-
mined by calculating the differences between the individual
post-gentamicin peak locations and the mean NDF peak
location of the normal-hearing group for chirps at 60dB
pSPL. The individual shifts in chirp CAP threshold were
determined by calculating the difference between the
pre-exposure threshold and the post-exposure threshold
(measured immediately following the 15-min gentamicin-
exposure period). Filled circles (n=10) represent the
animals that met the inclusion criteria for experiment 2.
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FIG. 10. (a) and (b) N; amplitude functions
for ten gentamicin-exposed gerbils (thin
lines) fall within the normal range (mean
+/— 2SD; gray areas) for chirps at 90 dB
pSPL, whereas for chirps at 60dB pSPL,
six out of the ten gentamicin-exposed
animals fall outside the normal range. Thick
dashed lines in the top panels represent the
mean of the post-gentamicin CAFs. Mean
R? values indicate that the four-parameter
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sigmoid function accounts for a large
majority of the variance in the post-
gentamicin data. (c) and (d) Individual
NDFs for the ten gentamicin-exposed
gerbils (thin lines) with the mean NDFs
(thick dashed lines) plotted against the
normal ranges (mean +/— 2SD; gray areas)
indicate minimal difference between the
mean bandwidth and mean peak location
for chirps at 90dB pSPL. For chirps at
60 dB pSPL, mean bandwidth did not differ
across groups but the mean peak location
for the gentamicin-exposed group was

High-pass noise cutoff frequency (kHz)
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Open circles (n=4) represent animals that were excluded
from analysis due to progressive CAP threshold shifts
during the course of data collection (two upper circles) or
due to minimal chirp CAP threshold shifts or insufficient
reduction in CM amplitude following gentamicin applica-
tion (two lower circles). Other scatter plots between the
shift in NDF peak location for chirps at 60dB pSPL and
other post-gentamicin measures including toneburst CAP
threshold shift and CM amplitude reduction did not reveal
any significant correlations.

TABLE III. Descriptive statistics and results of independent samples #-tests
comparing bandwidth and peak location of chirp NDFs for normal to post-
gentamicin (post-gent.) groups at 90 and 60 dB pSPL (experiment 2)

Chirp—90dB pSPL
Bandwidth (mm) Peak location (mm)
Mean SD P Mean SD P
Normal® 4.56 0.66 0.64 8.43 0.79 0.46
Post-gent. 4.86 1.53 8.68 0.58
Chirp—60dB pSPL

Bandwidth (mm) Peak location (mm)

Mean SD P Mean SD p
Normal 2.78 0.39 0.24 6.28 0.17 0.01°
Post-gent. 3.05 0.54 5.55 0.72

“Sample size of normal group reduced to 7 for Chirp 90 due to exclusion of
two outliers (initial masked amplitude >2 SD above the mean initial masked
amplitude of all chirp conditions).

Equal variances not assumed per Levene’s Test. SD: standard deviation of
the mean.

348  J. Acoust. Soc. Am., Vol. 131, No. 1, January 2012

significantly more apical than the mean

7 9 11 peak location for the normal-hearing group
(open circle). See Table II for statistical
analyses.

IV. DISCUSSION

The objectives of this study were to use the high-pass
masking technique to establish normative ranges for CAP-
derived neural density functions using broadband chirps and
2kHz tonebursts, and to determine if high-level NDFs are
unaltered by OHC pathology. The results support the central
hypothesis that high-level NDFs are independent of OHC pa-
thology while moderate-level NDFs are influenced by OHC
pathology. Other observations relating to chirp CAP ampli-
tude, the design of the chirp stimulus, an alternative analysis
method, and the high-pass masking paradigm have implica-
tions for future studies and clinical application.

A. Experiment 1: NDF differences across stimulus
type

The results of experiment 1 indicate that high-level
chirps result in broader NDF bandwidths than high-level low
frequency tonebursts suggesting that high-level chirps evoke
a broader spread of neural firing along the cochlear partition
than high-level low frequency (2kHz) tonebursts. On aver-
age, the NDF bandwidths for chirps at 90dB pSPL [Fig.
7(a)] were 1.5 times broader and peaked nearly 2 mm closer
to the base of the cochlea than those for 2kHz tonebursts at
90dB pSPL [Fig. 7(b)]. The NDF bandwidth comparison
across stimulus type for the moderate level of 60dB pSPL
suggests that moderate-level 2kHz tonebursts [Fig. 7(d)]
evoke a larger spread of neural firing than moderate-level
chirps [Fig. 7(c)]. However, the bandwidth of the NDFs for
2kHz tonebursts at 60dB pSPL was highly variable. The
NDF peak location for 2 kHz tonebursts at 60 dB pSPL was
also considerably more variable than for chirps at 60dB
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pSPL, but the mean data suggest that the distribution of neu-
ral firing evoked by moderate-level chirps peaks significantly
closer to the base than for moderate-level low frequency
tonebursts.

B. Experiment 2: NDF comparisons across groups

The negligible differences between high-level NDFs for
the normal-hearing and gentamicin-exposed groups [Fig.
10(c)] support the hypothesis that gentamicin-induced OHC
pathology does not significantly alter the spread of neural
firing evoked with high-level chirp stimuli. The secondary
observation that the peak location of moderate-level NDFs
for gentamicin-exposed animals was shifted significantly
closer to the cochlear apex than the NDF peak location for
normal hearing animals [Fig. 10(d)] suggests that the pattern
of neural firing evoked by moderate-level chirps is influ-
enced by OHC pathology. The direction of the shift in peak

30

25 1

20 A

Chirp CAP threshold shift (dB)
S

54 r=-0.74; p = 0.003

0 T T T T T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Chirp 60 peak shift re: normal (mm)

FIG. 12. Plotting the post-gentamicin shift in chirp CAP thresholds against
the post-gentamicin shift in NDF peak location for chirps at 60 dB pSPL (re:
normal mean peak location for chirps at 60 dB pSPL) reveals a significant
inverse correlation between the two variables. Negative values for peak shift
indicate apical shifts re: normal peak location. Filled circles (n = 10) repre-
sent the animals that met the inclusion criteria for experiment 2. Open
circles (n=4) represent animals that were excluded from analysis due to
progressive CAP threshold shifts during the course of data collection (two
upper circles) or due to minimal chirp CAP threshold shifts following genta-
micin application (two lower circles).
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of the chirp conditions for the normal-
hearing group (Fig. 7).

location (i.e., toward the apex) for post-gentamicin NDFs is
consistent with pathology/dysfunction of basal OHCs. In
other words, without functioning OHCs in the basal region
of the cochlea, the distribution of neural firing for moderate-
level chirps shifts apically to cochlear regions in which
OHCs are functional. The apical shift in neural firing may be
enhanced by the relative location of the round-window elec-
trode that is no longer dominated by basal activity if basal
OHCs are dysfunctional. Together, the patterns observed for
high-level and moderate-level NDFs are consistent with pre-
vious studies (e.g., Dallos and Harris, 1978; Ruggero and
Rich,1991; Fridberger et al., 2002) suggesting that OHCs act
primarily to amplify basilar membrane displacement for low
to moderate-level inputs.

Despite receiving the same 200 ug dose of gentamicin,
the peak location of post-gentamicin NDFs for chirps at
60dB pSPL [Fig. 10(d)] varied by as much as 2mm across
animals. This observation suggests inter-animal differences
in gentamicin susceptibility that are consistent with the
results of Wanamaker er al. (1998) indicating differing
amounts of hair cell damage in gerbils receiving equivalent
transtympanic doses of gentamicin. The significant negative
correlation (r=—0.74; p =0.003) between the shift in peak
location for moderate-level NDFs and chirp CAP threshold
shift (Fig. 12) suggests that chirp CAP threshold shifts may
predict the extent of gentamicin-induced shifts in neural
firing evoked with moderate-level stimuli.

C. Unmasked CAP amplitudes

Chirp CAP waveforms were considerably larger in
amplitude and had narrower N morphology than 2 kHz tone-
burst CAPs (Fig. 5). These observations suggest that broad-
band chirps generate synchronous neural firing across a
larger number of auditory neurons than 2kHz tonebursts
even at high-levels. Figure 5 also illustrates that, on average,
chirps at 90dB pSPL yield smaller CAP amplitudes than
chirps at 60dB pSPL. This finding may be related to the
design of the chirp used in this study. Specifically, the chirp
stimulus was constructed based on N, latency data for near-
threshold toneburst CAPs and the instantaneous frequency
was not adjusted to account for differences in the traveling
wave velocity across different signal levels (Fobel and Dau,
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2004). Dau et al. (2000) also held constant the instantaneous
frequency of their chirp stimulus across level and observed a
similar roll-off in wave-V amplitude of ABRs evoked with
high-level chirps.

D. Chirp stimulus

As mentioned above, the instantaneous frequency, and
therefore the duration, of the chirp stimulus used in this
study was held constant for both stimulus levels (i.e., 60 and
90dB pSPL). In addition to being smaller in amplitude than
chirp CAPs at 60 dB pSPL, chirp CAPs at 90dB pSPL [e.g.,
Fig. 3(a)] also had broader N; morphology than CAPs at
60dB pSPL [e.g., Fig. 5(b)]. Generation of level-specific
chirps with different cochlear delay models, as suggested by
Cebulla and Elberling (2010), Elberling et al. (2010), and
Elberling and Don (2010) may further optimize the temporal
synchrony achieved with high-level chirps.

E. Alternative analysis technique

Taking the analytical derivative of the four-parameter
sigmoid function [Eq. (2)] that was used to fit the N, ampli-
tude growth data imposes a Gaussian-like distribution on the
NDFs. However, this fitting approach misses the subtle fluc-
tuations in the normalized CAP amplitude data (e.g., Figs. 6
and 10) and would be inadequate to describe a bimodal
distribution of neural firing density for a cochlea with a gap
of missing fibers (e.g., Fig. 1). An alternative analysis
method that would preserve the “fine-structure” of neural
firing involves plotting the numerical derivative of the
normalized CAP amplitude data (Fig. 13).

Comparing the numeric NDFs (Fig. 13, thin lines) to the
corresponding analytic NDFs (Fig. 13, thick lines) reveals that
analytic NDFs correspond closely with the numeric NDFs for
all stimulus conditions except for chirps at 90 dB pSPL [Fig.
13(a)]. The mean analytic NDF for chirps at 90 dB pSPL sug-
gests that neural firing density accumulates gradually begin-
ning at approximately 3 mm from cochlear apex. The mean
numeric NDF, however, indicates a tri-modal distribution that
includes a small rise in neural firing density between 1 and
3mm from cochlear apex. The most prominent peak of the
tri-modal numeric NDF for chirps at 90dB pSPL occurs at
approximately 10 mm from the apex suggesting that peak fir-
ing density is nearly 2mm closer to the base than suggested
by the analytic NDF (8.22 mm from apex). The tri-modal dis-
tribution of the numeric NDF for high-level chirps may be
related to asynchronous neural firing triggered by upward
spread of excitation (Elberling et al., 2010). Designing a high-
level chirp with a low-level basilar membrane delay function,
as was done in this study, could also increase the potential for
less than optimal temporal synchronization of neural firing.

As is evident in Fig. 13, all of the numeric NDFs, except
for the NDF for chirps at 90 dB pSPL, closely resemble the cor-
responding analytic NDF (i.e., a Gaussian function). However,
given a stimulus that theoretically generates broad, in-phase
displacements of the basilar membrane (e.g., high-level chirps
and high-level low frequency tonebursts) and uniform auditory
neuron density along the length of the gerbil cochlea (Keithley
et al., 1989), a linear increase in neural firing density would be
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expected. Two possible explanations for the *“band-limited”
nature of the NDFs obtained in this study relate to the mode of
stimulus presentation and the spectral characteristics of the
stimuli. First, the acoustic stimuli were presented via a loud-
speaker in free-field without compensating for the resonance of
the gerbil ear canal. A mid-frequency resonance in the ear canal
could have given dominance to the mid-frequency region of
the basilar membrane. Second, the spectrum of the chirp used
in this study [Fig. 2(c)] was designed to be relatively flat from
1 to 60kHz, spanning nearly the entire frequency range of
gerbil hearing. To compensate for the reduced gerbil-hearing
sensitivity for low and high frequencies and achieve equal
weighting on the basilar membrane, the spectral energy for low
and high frequencies would need to be increased relative to the
energy for mid-frequencies (e.g., Shore and Nuttall, 1985).
Shaping the chirp stimulus in this manner could also have the
unintended effect of increasing the upward spread of masking
that would lead to asynchronous neural firing.

F. High-pass noise masking paradigm

Similar to the high-pass noise masking paradigms used
in previous studies (Teas et al., 1962; Elberling, 1974;
Eggermont, 1976; Spoor et al., 1976; Zerlin and Naunton,
1976; Evans and Elberling, 1982; Shore and Nuttall, 1985),
the masking paradigm used in this study led to decreases in
N, amplitude and increases in N; latency as the high-pass
noise cutoff frequency decreased [e.g., Fig. 3(b)]. The mask-
ing paradigms of previous studies have generally included
6-8 high-pass cutoff frequencies representing octave inter-
vals (e.g., Teas et al., 1962) with one exception: the study in
guinea pig by Shore and Nuttall (1985) used 18 cutoff
frequencies representing 1/3 octave intervals between 0.4
and 20 kHz. The masking paradigm used in the current study
included 25 cutoff frequencies representing 0.25 mm incre-
ments along the first 3mm of the basal turn and 0.5 mm
increments for the middle through apical regions of the
gerbil cochlea (3—11 mm) providing distance-based ampli-
tude growth functions with relatively high resolution.

Previous studies have primarily focused on calculating
derived-band waveforms to infer regional cochlear contribu-
tions to the CAP and to estimate behavioral hearing thresh-
olds. In this study, a novel technique was used to derive
neural density functions from cumulative amplitude func-
tions describing CAP amplitude growth as a function of
masker cutoff frequency. Accurate interpretation of the neu-
ral density functions (e.g., peak location and bandwidth of
neural firing) relies heavily on using acoustic stimuli that
generate broad, in-phase displacements of the basilar mem-
brane and synchronous neural firing throughout the majority
of the cochlea (e.g., broadband chirps). Using stimuli such as
clicks could produce fluctuations in CAP amplitude growth
related to temporal smearing that would confound the ability
of the neural density function to provide a location-specific
estimate of auditory nerve survival. Even high-level chirp
stimuli designed to compensate for the cochlear traveling
wave delay may trigger upward spread of excitation that
could result in less than optimal neural synchrony and com-
promise the accuracy of neural density functions.
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Under-masking and over-masking might also complicate
interpretation of NDFs. For example, an initial broadband
masker level that reduced the unmasked CAP by 80% was
chosen for this study with the goal of observing a masked
CAP waveform for all 25 masking conditions. Firing among
apical fibers is assumed to produce the residual 20% response.
However, for a cochlea with apical nerve damage, the residual
20% of neural firing could only come from other locations
wherein normal neurons are present. This issue could con-
found the ability of CAP amplitude growth alone to specify
neural damage in the cochlear apex. Increasing the initial level
of the masker to completely mask the CAP before varying the
masker cutoff frequency to record partially-masked CAPs
could possibly resolve that issue, but could also result in over-
masking. Significant over-masking could potentially lead to
CAP threshold elevations (as observed in preliminary experi-
ments for this study) or cause fluctuations in the cumulative
growth pattern of CAP amplitude that could obscure the rela-
tion between the neural density function and cochlear innerva-
tion density. Another possibility would be to include N,
latency shift as a possible predictor variable of the damage
location. Similar to the latency shifts observed for the
gentamicin-exposed group, the latency-shift functions for
cochleae with apical nerve damage may be lower than normal
because there is a relatively shorter distance between the
cochlear place dominating the unmasked response (e.g., base)
and the cochlear place dominating the residual 20% response
(e.g., middle).

V. CONCLUSIONS

The results of this study indicate that high-level chirps
trigger a broader spread of synchronous neural firing along
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the cochlear partition than high-level low frequency tone-
bursts suggesting that chirps are superior stimuli for map-
ping auditory nerve firing density throughout the cochlea
with a high-pass masking paradigm. The comparison
between normal-hearing and gentamicin-exposed animals
indicates that neural firing density functions derived with
moderate-level chirps are altered by OHC pathology
whereas those derived with high-level chirps are not, point-
ing to their potential utility in providing an estimate of
auditory nerve survival that is independent of OHC pathol-
ogy. Future research will determine the strength of correla-
tion between high-level chirp NDFs and the anatomical
distribution of surviving auditory neurons in animals with
partial lesions of the auditory nerve. A strong correlation
between the shape of NDFs and the extent and location of
neural pathology will prompt translational research in
human patients to determine if the masked-CAP approach
could provide clinicians a method to account for auditory
nerve survival when prescribing amplification via hearing
aids, programming the stimulation characteristics of coch-
lear implants, or eventually, specifying the target for
delivery of therapeutic agents that can promote neural
regeneration.
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